Sodium-cooled fast breeder reactors use liquid sodium as a moderator and coolant to transfer heat from the reactor core. The main hazard associated with sodium is its rapid reaction with water. Sodiumewater reaction (SWR) takes place when water or vapor leak into the sodium side through a crack on a heat-transfer tube in a steam generator. If the SWR continues for some time, the SWR will damage the surface of the defective area, causing it to enlarge. This self-enlargement of the crack is called "self-wastage phenomena." A stepwise numerical evaluation model of the self-wastage phenomena was devised using a computational code of multicomponent multiphase flow involving a sodium ewater chemical reaction: sodiumwater reaction analysis physics of interdisciplinary multiphase flow (SERAPHIM). The temperature of gas mixture and the concentration of NaOH at the surface of the tube wall are obtained by a numerical calculation using SERAPHIM. Averaged thermophysical properties are used to assess the local wastage depth at the tube surface. By reflecting the wastage depth to the computational grid, the selfwastage phenomena are evaluated. A two-dimensional benchmark analysis of an SWAT (Sodium-Water reAction Test rig) experiment is carried out to evaluate the feasibility of the numerical model. Numerical results show that the geometry and scale of enlarged cracks show good agreement with the experimental result. Enlarged cracks appear to taper inward to a significantly smaller opening on the inside of the tube wall. The enlarged outer diameter of the crack is 4.72 mm, which shows good agreement with the experimental data
1.
Introduction Sodiumewater reaction (SWR) is an essential safety issue to be addressed while designing steam generators in liquid metal fast reactors (LMFRs). SWR occurs when water or vapor leak into the sodium side through a crack in the heat-transfer tube in a steam generator. If the SWR continues around the initial crack, the deterioration of the tube wall is triggered by corrosive reaction products such as sodium hydroxide (NaOH). Highpressure water and vapor will then bring about the erosion of the weakened material. As a result, the crack can eventually enlarge to a size that allows a stable reacting jet [1] . This selfenlargement of the crack is called "self-wastage phenomena." This has the potential to cause an increase in resultant leak damage near heat-transfer tubes, which might lead to a secondary leak. In 1987, 39 secondary tube failures occurred within a time span of approximately 10 seconds in the Prototype Fast Breeder Reactor Superheater 2 at Dounreay, UK [2] . Modeling these phenomena is made even more important by the fact that small leaks (<0.005 g/s) are not likely to be detected after steam generator fabrication; moreover, they are not likely to be detected during the operation of an LMFR plant until the tube is leaking significantly (few g/s). Because in most cases, an initial crack starts from a microleak (<0.05 g/s), evaluation of the leak evolution from microleak to leak is an important issue to be addressed for improving hazard-detection capabilities and safety of the sodium-cooled fast reactor system.
Experimental studies on microleak tests have been carried out to evaluate the self-wastage phenomena by several investigators [3e7] . These studies found that the corrosion started from the sodium side and advanced to the steam side through the tube wall. In addition, the leak rate stayed almost unchanged until the thin edge of the tube wall was removed on the steam sides. Some empirical correlations between the self-wastage rate and the experimental conditions, such as sodium temperature, steam temperature, and initial and average leak rates, were derived. However, uncertainties existed in the measured thermophysical properties, such as phase temperature and concentration of chemical species, because measuring technologies were not mature enough to obtain data with high spatial resolution and accuracy. In addition, many factors are related to these phenomena. Thus, an experimental approach is not sufficient to evaluate the self-wastage phenomena quantitatively. Accordingly, numerical quantification of thermohydraulic and chemical characteristics in the SWR is an alternative approach.
In this study, we devised a stepwise numerical procedure to reproduce the self-wastage phenomena and evaluate the enlargement of the crack using a computational code for multicomponent multiphase flow involving a sodiumewater chemical reaction, known as SERAPHIM (sodiumwater reaction analysis physics of interdisciplinary multiphase flow) [8] . SERAPHIM was developed to investigate the thermohydraulics of SWRs based on mechanistic and theoretical modeling. To validate the self-wastage phenomena evaluation method, a benchmark analysis of the SWAT-2 experiment is carried out in this study [7] . Additional details about the numerical procedure and benchmark analysis are explained in the following section.
2.
Methods (Self-Wastage Phenomena Analysis)
Numerical procedure
Sandusky's explanation of the behavior of the failure propagation by the self-wastage phenomena is schematically shown in Fig. 1 [4] . Self-wastage starts from the sodium side and advances to the water side through the tube wall. As a result of the self-wastage phenomena, the outer diameter of the leak channel increases, but the inner diameter of the leak changes little on the water/steam side. Therefore, the leak rate stays almost unchanged until the remaining tube wall is removed. When the tube wall is completely penetrated, the resultant leak rate sharply increases. It is reported that it takes a few hours, even a few days, until the failure zone propagation reaches the tube wall on the sodium side. Thus, it requires heavy computational loads to carry out a transient calculation that covers the whole period of the phenomena, as most of the time during the selfwastage propagation, leak rates do not change until the sudden enlargement of the leak occurs due to penetration of the tube wall. In other words, most of the time during the selfwastage propagation period, it can be assumed that the thermophysical condition is in a steady state. Thus, the local wastage rate can be evaluated using thermal properties that are obtained from the numerical calculation in a metastable state. The self-enlargement of the crack is reproduced by replacing solid cells with liquid cells according to the wastage evaluation. Fig. 2 shows a numerical procedure for the selfwastage phenomena.
Step 1. Set an initial crack width for the initial mesh grid The initial crack might be caused by a fabrication defect, stress corrosion cracking, fatigue, etc. Thus, it is difficult to model the initial crack shape. However, it is expected to be crevasse shaped, as it was noted that in the case of leakage through a defect in a tube-to-tube plate attachment, an intensive corrosion failure of the tube wall occurs along the generatrix of the leak channel in the region that has direct contact with water leaking out with excessive sodium.
Because the aspect ratio of the crack length to width is large, the crack enlargement dominantly takes place toward the nozzle width (horizontal) and nozzle thickness (vertical) directions. It is assumed that the reproduction of the phenomenon is expected for two-dimensional analysis around the crack center. Thus, the two-dimensional analysis is adopted, and the two-dimensional crack, which has a single width, is used as the analytical model.
Step 2. Investigation of local thermal properties A transient numerical simulation is carried out for a particular period to investigate the temperature of the gas mixture and sodium hydroxide concentration at the tube-wall surface.
Step 3. Assessment of local wastage rate
The local wastage rate on the surface of the crack is evaluated according to the hypothetical Arrhenius model using the gas mixture temperature and sodium hydroxide concentration.
Step 4. Reconstruction of the computational mesh that reflects crack enlargement
Reconstruction of the computational mesh grid is carried out by replacing the solid cells (tube wall) with liquid cells in both the crack width and depth directions on the surface of the tube wall. The wastage depth is determined by the wastage rate, which is calculated in Step 3. Additional details about the local wastage evaluation and the reconstruction of the mesh grid are explained in the following sections. Then the Steps 2e4 are repeated until the initiation of plastic deformation of the tube wall. The maximum thickness of the tube wall is determined by the hoop stress working on the tube wall according to the Tresca yielding theory.
Step 5. Evaluate the geometry of the enlarged crack Because the crack width is enlarged, the leak rate will also increase, and it induces a migration of the reaction zone toward the sodium side. As a result, the corrosive reactant, such as sodium hydroxide, seldom reaches the tube wall. Thus, the self-wastage phenomena will be mitigated. In this study, we will consider the geometry of the enlarged nozzle.
Local self-wastage rate estimation
Experimental approaches were carried out to evaluate the self-wastage rate, and the following proportional equation was derived from the related temperature:
where: WR ¼ wastage rate K 1 and K 2 ¼ constants T ¼ absolute temperature of sodium and water/steam [9] . From the experimental results, it was demonstrated that sodium hydroxide is the major product in the SWR from the viewpoint of thermochemical properties. The influence of the sodium oxide is negligible because it would not be frequently generated due to its high-energy barrier [10] . Therefore, the thermophysical properties related to the self-wastage rate are gas mixture temperature and sodium hydroxide concentration.
In this study, we have assumed that the self-wastage phenomena are based on the corrosion caused by the sodium hydroxide. Therefore, a hypothetical Arrhenius corrosive equation is adopted to estimate the self-wastage rate. 
where:
T ¼ gas mixture temperature A, B, and C ¼ constants i and j (subscripts) ¼ Cartesian coordinate of the mesh Constant A is called the "pre-exponential factor," and represents molecular collision. Its unit is reciprocal second. Constants B and C are obtained from the experimental result regarding NaOH corrosion rate (performed by JAEA (Japan Atomic Energy Agency)) [11] . The pre-exponential factor is a constant that can be derived experimentally or numerically. However, because it is hard to find a reliable experimental result regarding the pre-exponential factor, we decided to adopt the maximum wastage depth for each calculation in order to neglect the constant A. Wastage depth (WD) is obtained by multiplying time by the wastage rate [Eq. (3)]. Thus, the maximum wastage depth can be expressed as Eq. (4). The wastage depth becomes maximum at the place where the wastage rate is maximum. We decided that the WD max becomes 10% of the initial tube thickness. The local wastage depth can be expressed as a ratio of the local wastage rate to the maximum wastage rate [Eq. (5) ]. The local wastage depth could not exceed the maximum wastage depth. By taking this ratio, the constant A can be ignored.
2.3.
Reconstruction of a computational mesh grid that reflects leak enlargement Reconstruction of a computational grid that reflects the leak enlargement is achieved by replacing solid cells with liquid cells according to the local wastage depth. Examples of wastage rate estimation and remodeling of the computational mesh grid are depicted in Fig. 3 . The dotted line represents the estimated wastage depth that is obtained from Eq. (5). The horizontal axis is the distance from the crack. The black line indicates the initial crack surface. By replacing solid regions with fluid regions according to the wastage depth, a new computational mesh grid that reflects the crack enlargement can be obtained. The remeshing procedure is conducted in both the crack width and the thickness directions.
Penetration decision
As the self-wastage phenomena progress toward the water/ vapor side, the remaining tube wall becomes thinner (Fig. 1) . Because a constant high pressure works on the water/vapor side, when the tube-wall thickness becomes smaller than a certain size, a plastic deformation of the remaining tube wall is initiated by the inner pressure. As a result, the remaining diaphragm is removed and the leak channel is enlarged. The inner pressure working on a cylinder is classified according to the tube-wall thickness. If the tube-wall thickness is thicker than 1/20 of the outer radius, it is regarded as a thickwalled cylinder (Fig. 4 ). Radius and hoop stresses working on the thick-walled cylinder can be expressed as follows:
where: r out and r in ¼ outer and inner radiuses, respectively P out and P in ¼ outer and inner pressures, respectively According to the Tresca yielding theory, yielding occurs when the equivalent stress is [12, 13] 
As the yield stress, 0.2% offset yield strength of 2.25Cre1Mo steel is adopted.
We assume that P in and P out are constant during the selfwastage phenomena. Thus, if the wall thickness (r out e r in ) is decided, the equivalent stress working on the tube wall can be obtained. If the stress working on the tube wall is equal to the 0.2% offset yield strength of the material, then the plastic deformation is regarded as initiated.
Experimental data for the 0.2% offset yield strength of 2.25 Cre1Mo are shown in Fig. 5 . The 0.2% offset yield strength decreases as the temperature increases. The 0.2% offset yield strength at room temperature is 433 MPa and it decreases as the temperature increases [14] . Because no experimental data that measure the surface material temperature in the reaction region are found, the postulated temperature of the surface wall is regarded as the same as that of the gas mixture at the surface.
Results and Discussion

SWAT experiment
Kuroha et al [7] performed a mock-up experiment using an SWAT (small leak SWR test loop) test rig and studied the behavior of small leak SWR under the same conditions as the Japanese prototype fast breeder reactor MONJU's steam generators.
The slit-type nozzle, which was manufactured by pressing a square plate with a drilled hole at its center, was used in the experiment. Each slit was constant, with a length of approximately 0.05 mm, so that the equivalent diameters of leak holes were produced in the range of 10e100 mm by controlling their widths. The observation of the geometry of the enlarged nozzle shows that the crack enlargement dominantly takes place toward the nozzle width (horizontal) and thickness (vertical) directions. Therefore, a two-dimensional analysis is adopted as the analytical model. Table 1 shows the Number 2021 experimental condition of the SWAT-2 experiment. The aspect ratio of the nozzle width (24 mm) to the depth (3.48 mm) is 1:166, and the equivalent diameter of the nozzle is 0.046 mm4 [7] .
Analytical model and conditions
Figs. 6 and 7 show the analytical region and boundary conditions for the initial calculation. To reduce the calculation cost, an asymmetric grid is adopted. The crack width, shape, and the tube thickness have the same geometric shape as in the SWAT-2 experimental data. The height of the computational grid was set to be three times longer than the length of the injected reactant jet, which is estimated by Dumm's equation [15] . Table 1 shows the experimental conditions of SWAT-2 that are also used as boundary conditions for the numerical calculation. The crack width in the mesh grid (7.5 mm) was divided equally into four cells after considering the effect of the mesh resolution. The minimum height of the mesh grid was 10 mm, and the whole mesh grid is divided into 49 (I) Â 107 (J). During the self-wastage propagation, the leak rate stays almost unchanged most of the time, and therefore, for the Fig. 6 e Analytical region for initial calculation. inlet boundary condition, a constant volume rate (2.5 Â 10 À5 g/ s: average leak rate in the experiment) was adopted. The increase in leak rate due to changes in pressure drop is neglected. Time step is 1.0 Â 10 À9 seconds.
3.3.
Initial calculation Fig. 8 shows the gas temperature and NaOH concentration around the crack exit and its distributions at the surface of the tube at different times. Very high temperatures (>1,200 B C) appear downstream of the crack along the injected flow and a relatively high temperature is observed at the surface of the tube around the crack exit. At the same region, a relatively high NaOH concentration appears. The distribution of the gas temperature and NaOH concentration shows that the gas temperature and NaOH concentration change with the time elapsed. To investigate the transient aspect of the gas temperature and NaOH concentration at the surface of the tube, the gas temperature and NaOH concentration on four different meshes were obtained as shown in Fig. 9 , in which these two properties fluctuate within a certain range with overtime. Because the leak rate remains almost unchanged for the most part during the self-wastage propagation, it can be expected that the temperature and concentration profile also have similar tendency, lasting with time advancement. Therefore, to dismiss the transient change of thermal properties, the averaged (ensemble average) properties (until 1.0 seconds) of gas temperature and NaOH concentration are used to estimate the wastage rate.
Secondary calculation with the computational mesh reflecting leak enlargement
The wastage depth at the tube surface was evaluated based on the self-wastage rate using the averaged properties reported in the previous chapter. The maximum wastage depth for each calculation is set at 10% of the initial tube thickness. Fig. 10A shows local wastage depth at the tube surface. The horizontal axis represents the distance from the crack, and the vertical axis indicates the tube-wall thickness. Fig. 10B shows that the wastage depth is depicted on the computational mesh grid. A new analytical mesh grid was constructed by replacing solid cells with liquid cells on the surface according to the wastage depth, as shown in Fig. 10C .
The remeshed grid has a projection near the crack center. The width of the projection is approximately 0.01 cm. If a further calculation is carried out with the projection, it is expected that the reaction products hardly reach the tube wall. In addition, no projection was found from the experimental observation of the cross section of the enlarged crack. Therefore, it is expected that the projection was eliminated while the self-wastage phenomena are progressing. Thus, we cut off the projection along the maximum wastage depth and got a new meshed grid (Fig. 11 ). Fig. 9 e Gas temperature and NaOH concentration on four different meshes. Further numerical calculation is carried out using this new mesh grid under the same conditions as in the former calculation. Fig. 12 shows the transient temperature profile of four different meshes. As can be seen in the figure, the temperature and the NaOH concentration change rapidly at an early stage of the leak. However, the properties fluctuate within a certain range. In the same manner, to evaluate the selfwastage depth, the average temperature and NaOH concentration on the tube surface are obtained toward both the horizontal direction and the vertical direction. Based on these averaged properties, the second wastage depth is evaluated, and the remeshing procedure is carried out according to the wastage depth by replacing the solid cells with the liquid cells. As a result, a new mesh for the third analysis grid is obtained ( Fig. 13) . A projection remains near the crack after the remeshing procedure, and this is cut off as well. Using this mesh grid, a numerical simulation is carried out to ensure that the calculation works well with the new mesh grid. The gas temperature, void rate, and NaOH concentration are obtained as shown in Fig. 14. It shows that a high-temperature region is created on the tube wall near the crack center, and NaOH is also located in the same area. Thus, it is expected that the further enlargement would take place.
Failure propagation
In the same manner, further analyses are carried out and new mesh grids are consequently obtained. Fig. 15 shows the fourth, fifth, and sixth mesh grids obtained from remeshing. As can be seen, the self-enlargement of the crack takes place toward both the horizontal and vertical directions. In addition, it can be found that the surface becomes bumpy after the remeshing process. Fig. 16 shows the seventh, eighth, and ninth mesh girds that are obtained from further calculation. It shows that the nozzle enlargement propagation in the horizontal direction becomes weaker compared with the crack enlargement in the vertical direction. This is because, as the outer nozzle diameter increases, the corrosive reactants become less reachable to the wall. Fig. 17 shows the gas temperature and NaOH concentration at the crack surface of the ninth mesh grid.
The average temperature at point A is about 900 C. The experimental data on the 0.2% offset stress for 2.25Cre1Mo steel at 900 C no longer exist. Thus, the 0.2% stress can be obtained from the fitting curve, which is derived from Fig. 5 . The 0.2% offset stress of 2.25Cre1Mo steel at 900 C is approximately 95.11 MPa. According to Eq. (9), when the tubewall thickness is 15% of the initial thickness, the principal stress working on the tube wall becomes 108 MPa. Thus, when the tube-wall thickness becomes 15% of the initial thickness, it is assumed that the yielding of the material occurs according to the Tresca yielding theory.
After the tenth remeshing, the thickness of the remaining tube wall becomes 0.56 mm, which is 14.5% of the initial tubewall thickness. Thus, it is thought that the crack is penetrated by the principal stress. The numerical simulation is terminated. Fig. 18 shows the geometry of completely penetrated crack. The opening appeared to taper inward to a significantly smaller opening on the inside of the tube wall. The outer diameter of the enlarged nozzle is 2.36 mm. We compared the crack geometry of the numerical result with the SWAT experimental data, as shown in Fig. 19 . With regard to the shape of the enlarged leak, the crack has a funnel shape in both cases. The equivalent diameter of the numerical result is 4.72 mm, and the diameter of the SWAT experimental nozzle is 4.96 mm. The numerical result shows good agreement with the experimental result regarding the general geometry. It seems that a curvature of the surface of the enlarged crack is slightly different, but it is expected that it is caused by the mesh sensitivity. Either way, the difference depends on the maximum wastage amount in each analysis.
A numerical evaluation model of the self-wastage phenomena and failure propagation was devised, and benchmark numerical calculations were carried out to validate the numerical model. We also evaluated the self-wastage propagation and enlargement of cracks.
A five-step procedure was devised and carried out to reproduce the transient phenomena of self-wastage and failure propagation. First, a numerical calculation was carried out with an analytical mesh grid that has a single-width crack. Based on the calculations performed, it was demonstrated that the injected steam reacted with liquid sodium, eventually causing an SWR around the outside of the crack. High Fig. 17 e Gas temperature and NaOH concentration at the crack surface of the ninth mesh grid. Fig. 18 e Mesh grid of penetrated crack. N u c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 7 0 0 e7 1 1 temperature and highly condensed NaOH exist on the surface of the wall. The average gas temperature and NaOH concentration on the surface of the crack were obtained. Wastage depth was estimated based on the Arrhenius hypothetical model using the gas temperature and the NaOH concentration. The solid cells were replaced with the liquid cells on the surface of the crack according to the estimated wastage depth. As a result, a new analytical mesh grid was generated for an enlarged crack. Using this new mesh grid, the same procedures were carried out as the failure propagation proceeded to 85% of the initial tube thickness. According to the Tresca yielding theory, when the remaining thickness of the tube becomes 15% of the initial thickness, the 0.2% offset stress of the material becomes smaller than the principal stress that is working on the wall. Thus, it is thought that the plastic deformation is initiated by the inner pressure. The penetrated crack appears to taper inward to a significantly smaller opening on the inside of the tube wall.
The results of this study show that the outer diameter of the enlarged crack is 4.72 mm. This result shows good agreement with SWAT-2 results regarding the outer diameter of the enlarged crack (4.96 mm). The numerical benchmark analysis demonstrates the applicability of the self-wastage evaluation model to evaluate the self-wastage phenomena.
This study has opened up a new approach for assessing the self-wastage phenomena using a numerical simulation. Numerical simulation is a useful and worthwhile method for deepening our understanding of self-wastage and for evaluating the underlying mechanisms. The numerical procedure also offers an opportunity to validate the experimental approach.
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